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© On the inner surface of sensor element (1 ) made 
of proton conductive solid electrolyte with perovskite 
structure and enclosed at its lower end, a reference 
electrode (2) constituted of porous electrode is 
formed, and a measuring electrode (3) constituted of 
porous electrode is formed on the outer surface 
thereof. And, the reference electrode and the mea- 
suring electrode are gas-tightly separated by sealing 
material. The sensor prove is inserted into ceramic 
sensor holding cup (10) and both are fixed in such a 
way that a part of the measuring electrode (3) ex- 
trude into said holding cup. Then, by dipping the 
holder into molten metal (19)by facing its opening 
part downwards, a space contacting with molten 
metal is enclosed in the holding cup. 

Thereby, reduction of solid electrolyte constitut- 
ing the sensor element can be prevented, and hy- 
drogen concentration in molten metal can be ac- 
curately measured without direct dipping the sensor 
element into molten metal. Thereby, it is possible to 
provide a sensor probe and a method for measuring 
hydrogen concentration in which hydrogen concen- 
tration can be continuously measured for long period 
and an apparatus with smaller size can be made. 



Fig. 2 
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The present invention relates to a sensor probe 
for measuring a hydrogen concentration in molten 
metal and method for measuring hydrogen con- 
centration in moften metaJ using said sensor probe. 

Conventional methods for measuring hydrogen 
concentration in molten metal are (1) the initial 
bubble method calculating the amount of hydrogen 
gas based on the pressure and temperature of 
sample at the time first bubble was formed on the 
surface of sample under reduced pressure, (2) the 
reduced pressure solidification method measuring 
the amount of hydrogen gas based on observation 
of formation of bubbles in the sample solidified 
under reduced pressure, comparing the specific 
gravity with that of the standard and the bubble 
formation on the cross section of the sample, and 
(3) the Telegas method injecting a small amount of 
gas into molten metal, collecting discharged gas 
after circulated in said molten metal and analyzing 
hydrogen gas in said discharged gas using a gas 
chromatography after the distribution of hydrogen 
gas in said discharged gas reached its equilibrium 
state. 

These methods, however, have several dis- 
advantages such as too much time consuming to 
practically use at the casting site, lower accuracy, 
larger size of equipment and too much cost for 
determination. 

The present inventors have provided a method 
for measuring hydrogen concentration in moften 
metal by constituting galvanic cell type hydrogen 
sensor using solid electrolyte, SrCeo.95Ybo_05O3.-x 
which shows proton conductivity at high tempera- 
ture and based on electromotive force generated 
by the difference of hydrogen activity between the 
partial pressure of hydrogen on the reference elec- 
trode of said sensor and the hydrogen concentra- 
tion in molten metal measured using said hydrogen 
sensor. According to this method, there are several 
advantages such that cost for measuring hydrogen 
concentration is lower, measuring process can be 
completed within shorter time, changes of hydro- 
gen concentration in molten metal can be mea- 
sured continuously as electromotive force, and the 
like. 

However, this method has a disadvantage that 
continuous operation for longer time is difficult be- 
cause solid electrolyte is reduced by the molten 
metal and oxide layer is formed on the interface 
between the solid electrolyte and the molten metal 
in case of molten metaJ having very low partial 
pressure of oxygen in equilibrium state in molten 
metal, particularly aluminum. That is, when sensor 
probe was dipped directly in molten metal for mea- 
suring hydrogen concentration in molten metal us- 
ing proton conductive solid electrolyte, insulating 
oxide layer formed on the interface between molten 
metal and solid electrolyte in range of temperature 



from 400 to 1100 *C for use of sensors disturbs 
measurement of hydrogen concentration. 

The object of the present invention is to pro- 
vide a sensor probe for measuring hydrogen con- 
5 centration in molten metal which can measure hy- 
drogen concentration in molten metal without dip- 
ping the measuring part of sensor element directly 
into molten metal in order to prevent reduction of 
solid electrolyte constituting said sensor element 
70 and a method for measuring hydrogen concentra- 
tion using said sensor probe. 

A sensor probe for measuring hydrogen con- 
centration in molten metal according to the present 
invention (hereinafter "the first sensor probe") has 
75 an element made of proton conductive solid elec- 
trolyte with perovskite structure and enclosed at its 
one end. On the inner surface of said element, a 
reference electrode constituted of porous electrode 
is formed, and a measuring electrode constituted of 
20 porous electrode is formed on the outer surface of 
said element. The circumstances of said reference 
electrode and measuring electrode are separated 
each other by sealing material. And, a ceramic 
sleeve or holding cup partially covers the outside 
25 of said sensor element so that at least a part of 
said measuring electrode of the outside surface of 
said element is extruded to the inside of said 
sleeve or holding cup. 

Also, according to the method for measuring 
30 hydrogen concentration in molten metal using said 
first sensor probe, hydrogen concentration in gas 
atmosphere enclosed in the space contacting with 
molten metal in said sleeve or holding cap can be 
measured by said first sensor probe as galvanic 
35 electromotive force between said reference elec- 
trode and measuring electrode after hydrogen con- 
centration in said gas atmosphere reached its equi- 
librium state with that in said molten metal by 
dipping said sleeve or holding cup of said first 
40 sensor probe from its opening part into said molten 
metal and thereby the concentration of hydrogen 
dissolved in said molten metal can be obtained. 

Another sensor probe for measuring hydrogen 
concentration in molten metal according to the 
45 present invention (hereinafter "the second sensor 
probe") has a porous ceramic cup, in place of said 
sleeve or holding cup of the first sensor probe, 
covering said sensor element to form a space 
between said element and ceramic cup. This cup 
50 allows only gas to permeate, but not for molten 
metal. 

In other sensor probe for measuring hydrogen 
concentration in molten metal according to the 
present invention (hereinafter "the third sensor 
55 probe"), a reference electrode consisted of porous 
electrode is formed on the outer surface of an 
element consisted of proton conductive solid elec- 
trolyte with perovskite structure and enclosed at its 
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one end, and a measuring electrode consisting of 
porous electrode is formed on the inner surface of 
said element. And, said element is held by holding 
material or a sleeve covering the element so that 
the exposed tip of this element is slightly extruded 
in the enclosure. Said reference electrode and 
measuring electrode are separated each other by 
sealing material. 

According to the method for measuring hy- 
drogen concentration in molten metal using this 
third sensor probe, said element is placed in mol- 
ten metal by partially dipping the opening part of 
said element in molten metal, and enclosed at- 
mosphere contacting with the surface of the melt 
bath of molten metal is formed inside said element. 
Thereby, hydrogen concentration in molten metal 
can be measured in similar way as aforementioned. 

Said proton conductive solid electrolyte with 
perovskite structure has composition such as 
SrCeo.95Ybo.os0 3 -x. BaCeogNbojOa-x, 
CaZro.gln 0 .i03- x and the like. And, said sleeve or 
holding cup is formed with gas-impermeable and 
non-porous ceramic material. In case sealing is 
made in the time of manufacturing the sensor, said 
sealing material may be a non-porous glass sealing 
material having thermal expansion coefficient in 
range of 8.0 x 10~ 6 to 10.0 x 10~ S /°C close to 
those (8.5 x 10~ 6 to 9.8 x 10~ & /°C) of said solid 
electrolyte, for example SrCe 0 .95Yb 0 .05O 3 -x. 
CaZr 0 .9lno.i0 3 - x , BaCe 0 95Y0.05O3-X and the like in 
temperature range from 300 to 1 100 0 C at the time 
of use of sensor and having the fluidization point 
higher than the maximum temperature for use of 
sensor. On the other hand, in case sealing is made 
just before use of sensor, it is desirable to use a 
non-porous glass sealing material having the soft- 
ening temperature lower than use temperature of 
sensor and the fluidization point higher than use 
temperature of sensor. 

In this invention, by dipping said sensor holder, 
said sleeve (for the first sensor probe) or said 
sensor element (for the third sensor probe) facing 
its opening part downward, or said cup (for the 
second sensor probe) into molten metal, the at- 
mosphere contacting with molten metal is enclosed 
in said sensor holder, sleeve, sensor element or 
cup. Then, the amount of hydrogen gas released in 
this atmospheric gas from molten metal is mea- 
sured by the sensor element as hydrogen partial 
pressure in the atmospheric gas. 

This principle for measuring hydrogen concen- 
tration is based on detecting electromotive force of 
galvanic cell using proton conductive solid elec- 
trolyte. Thus, by measuring hydrogen concentration 
in the high temperature portion near by the surface 
of molten metal using the sensor probe for measur- 
ing dissolved hydrogen concentration, hydrogen 
concentration in molten metal can be measured 



from hydrogen concentration obtained when hy- 
drogen concentration in the atmosphere reached in 
its equilibrium state. 

Hydrogen concentration cell type hydrogen 
5 sensor using solid electrolyte showing proton con- 
ductivity works stably at higher temperature and 
shows electromotive force close to the theoretical 
value given by following formula (1 ): 

to E = (RT/2F) In [P„ 2 (1) / P H2 (2)] (1) 

where, E stands for electromotive force (V), R for 
the gas constant, F for Faraday constant, T for the 
absolute temperature, P^O) for hydrogen partial 

75 pressure in the atmosphere separated by the sen- 
sor holding cup and the like and P H 2(2) for hy- 
drogen partial pressure on the reference electrode. 

The equilibrium relationship holds between hy^ 
drogen concentration in molten metal and hydro- 

20 gen partial pressure over the surface of melt bath 
of molten metal, and follows Sieverts* role ex- 
pressed by the following equation (2). 

S = K (P H2 ) 1yz (2) 

25 

where, S stands for hydrogen concentration in its 
equilibrium state, K for the constant and Ph2 for 
hydrogen partial pressure over the surface of mol- 
ten metal. 

30 As evidenced by the equation (2), by measur- 

ing hydrogen partial pressure in the atmosphere 
contacting with molten metal, concentration of the 
hydrogen dissolved in molten metal can be mea- 
sured. 

35 Generally, hydrogen concentration in molten 

metal depends on both hydrogen partial pressure 
contacting with said molten metal and temperature 
of said molten metal and follows to Sieverts' role 
and Henry's role. Therefore, Hydrogen concentra- 

40 tion S is expressed by the following equation (3): 

log S = A - (B/T) + (1/2) log (P H2 ) (3) 

where, A and B stand for the constant depending 
45 on composition of metal, respectively. 

Then, as shown in Fig. 2 for example, by 
dipping the opening part of the holding cap into 
molten metal, the space occupied with atmospheric 
gas contacting with molten metal is formed be- 
50 tween this holding cup and the sensor element 
consisted of solid electrolyte, and partial pressure 
of hydrogen gas released in this atmosphere from 
molten metal can be measured using the sensor 
probe for measuring hydrogen concentration ac- 
55 cording to this invention. Using said equation (1), 
hydrogen partial pressure P H 2 can be obtained 
from electromotive force generated between the 
reference electrode and the measuring electrode of 
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this sensor probe, then hydrogen concentration S 
can be obtained by substituting this hydrogen par- 
tial pressure into the equation (3). 

Thus, according to the present invention, hy- 
drogen concentration in molten metal can be con- 5 
tinuously measured for longer period without direct 
contact of the sensor element made of solid elec- 
trolyte with molten metal. 

According to the present invention, hydrogen 
concentration in said molten metal can be mea- 10 
sured by only dipping the holder and the like of the 
sensor probe into molten metal (melt bath) and 
allows continuous measurement fpr longer period 
because the whole sensor element or at least the 
electromotive force measuring part of the sensor 75 
probe does not contact with molten metal. In addi- 
tion, because hydrogen concentration in molten 
metal can be measured by only detecting the elec- 
tromotive force of the sensor element of sensor 
probe, it allows to make the size of measuring 20 
equipment smaller and to improve operational effi- 
ciency for use during the actual casting process. 
Furthermore, it is possible to reduce running cost 
necessary for measuring because gas circulation 
as required for the Telegas method is not needed. 25 
Thus, according to this invention, it is possible to 
provide an equipment for measuring hydrogen con- 
centration in molten metal with smaller size, high 
accuracy and high reliability. 

Also, the Telegas method, although has a repu- 30 
tation for accurate measurement, can not be ap- 
plied to the situation with fast flow of molten metal 
such as discharged gas treatment process. How- 
ever, the sensor probe related to the present inven- 
tion can be applied, without any difficulty, even to 35 
such situation with fast flow of molten metal to 
measure hydrogen concentration, therefore it has a 
wider application fields, and the present invention 
provides a very useful tool to all technical fields 
requiring the determination of hydrogen concentra- 40 
tion. 

Figure 1 is a sectional view of a sensor element 
of the sensor probe for measuring dissolved 
hydrogen concentration provided in accordance 
with the first embodiment of the present inven- 45 
tion: 

Figure 2 is a sectional view of a sensor probe 
incorporated with said sensor element provided 
in accordance with the first embodiment of the 
invention: ^ 
Figure 3 is a sectional view of a modified form 
of the sensor element of sensor probe for mea- 
suring dissolved hydrogen concentration shown 
in Figure 2: 

Figure 4 is a diagram showing an equipment for 55 
testing measurement accuracy of the sensor 
probe of this invention: 



Figure 5 is a graph showing the relationship 
between the measured values of hydrogen con- 
centration by the Telegas method and the elec- 
tromotive forces of the sensor element of this 
invention: 

Figure 6 is also a graph showing the relationship 
between the measured values of hydrogen con- 
centration by the Telegas method and the elec- 
tromotive forces of the sensor element of this 
invention: 

Figure 7 is a sectional view of a sensor probe 
for measuring dissolved hydrogen concentration 
provided in accordance with the second embodi- 
ment of the present invention: 
Figure 8 is a sectional view of a modified form 
of the sensor probe shown in Figure 7: 
Figure 9 is a sectional view of a sensor probe 
for measuring dissolved hydrogen concentration 
provided in accordance with the third embodi- 
ment of the present invention: 
Figure 10 is a sectional view of a modified form 
of the sensor probe shown in Figure 9 of this 
invention: 

Figure 11 is a sectional view of a sensor probe 
for measuring dissolved hydrogen concentration 
provided in accordance with the fourth embodi- 
ment of this invention: 

Figure 12 is a sectional view of a modified form 
of the sensor probe shown in Figure 1 1 of this 
invention: 

Figure 13 is a sectional view of a sensor probe 
for measuring dissolved hydrogen concentration 
provided in accordance with the fifth embodi- 
ment of the present invention: 
Figure 14 is a sectional view of a sensor probe 
for measuring dissolved hydrogen concentration 
provided in accordance with the sixth embodi- 
ment of this invention: 

Figure 15 is a sectional view of a modified form 
of the sensor probe shown in Figure 14: 
Figure 16 is a sectional view of a sensor probe 
for measuring dissolved hydrogen concentration 
provided in accordance with the seventh em- 
bodiment of the present invention: 
Figure 17 is a sectional view of a sensor probe 
for measuring dissolved hydrogen concentration 
provided in accordance with the eighth embodi- 
ment of the present invention: 
Figure 18 is a sectional view of a modified form 
of the sensor probe shown in Figure 17: 
Figure 19 is a sectional view of a sensor probe 
for measuring dissolved hydrogen concentration 
provided in accordance with the ninth embodi- 
ment of the present invention: 
Figure 20 is a sectional view of a modified form 
of the sensor probe shown in Figure 19: 
Figure 21 is a sectional view of a sensor probe 
for measuring dissolved hydrogen concentration 
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provided in accordance with the tenth embodi- 
ment of the present invention: 
Figure 22 is a sectional view of a modified form 
of the sensor probe shown in Figure 21: 
Referring to the drawings attached, the first 
embodiment of the present invention will be de- 
scribed in detail. As shown in Figures 1 and 2, a 
sensor element 1 is formed as a tube enclosed at 
the one end. This sensor element 1 consists of 
proton conductive solid electrolyte with perovskite 
structure, for example SrCeogsYbo.osOs-x, 
CaZro.9lno.1CVx, BaCe 0 .95 Y o.o50 3 -x and tne ,ike - 
Both on the inner surface and the outer surface of 
said sensor element 1, a reference electrode 2 and 
a measuring electrode 3, both made of Pt, Ni, 
conductive oxides or the like for example, are 
formed by seizure or baking. 

One end of a mullite tube 4 for introducing the 
reference gas (gas containing a constant concen- 
tration of hydrogen) is inserted into said sensor 
element 1 . A lead wire 5 made of Pt, Ni or the like 
is inserted into said tube 4. Further, a mullite tube 
6 painted with metal paste such as Pt, Ni or the 
like is inserted into said tube 4, and said lead wire 
5 is pushed by the surface of said tube 6 painted 
with said metal paste towards said porous refer- 
ence electrode 2 so that said porous reference 
electrode 2 is electrically connected to said lead 
wire 5. 

In addition, powdered glass sealing material 7 
is placed on the opening part of the sensor ele- 
ment 1 and in the space between said tube 4 and 
said porous reference electrode 2, and this glass 
sealing material 7 is covered by ceramic adhesive 
8 so that the sensor element 1 is firmly fixed to the 
tube 4. By this glass sealing material 7, the refer- 
ence electrode 2 is separated gas-tightly from out- 
side atmosphere and also the atmosphere around 
the measuring electrode 3. 

As shown in Figure 2, sensor element 1 con- 
structed as mentioned above is fixed to a holding 
cup 10 made of ceramic such as Si 3 N4 and the 
like. This holder 10 is provided with a fixing part 12 
on the opposite outer side of opening part 11, and 
a hole 13 is provided on the center of said fixing 
part 12 to insert into the sensor element 1. And, 
sensor element 1 is inserted into the holder 10 so 
that the outer surface of said sensor element 1 is 
extended in the holder 10. Furthermore, a mullite 
ceramic tube 14, for example, covering the outer 
surface of the tube 4 is placed with its lower end 
on the fixing part 12 of the holder 10, and the tube 
14 is fixed with the ceramic adhesive 16 to the 
holder 10. Glass sealing material 15 is placed 
between the brim of the sensor element 1 and the 
central outer surface of the holder 10 and also 
between the fixing part 12 and the outer surface of 
the tube 14 to keep these parts in gas tight. 



And, on the measuring electrode 3 of the outer 
surface of the sensor element 1 , an outer electrode 
18 is firmly fixed by a lead wire 17 to electrically 
contact with the measuring electrode 3. This outer 

5 electrode 18 is made of material which is not 
reactive with a melt bath 19. 

Then, a method for measuring hydrogen con- 
centration in molten metal, molten aluminum for 
example, using a sensor probe constructed as 

10 mentioned above will be described. As shown in 
Figure 2, the opening part 11 of the holding cup 10 
is dipped into the melt bath 19 to form a space 
between the inner surface of the holder 10 and the 
melt bath 19 in the holder 10. The measuring 

75 electrode 3 is placed in this space, avoiding direct 
contact of the sensor element 1 to the melt bath 
19. By dipping the outer electrode 18 connecting to 
the measuring electrode 3 into the melt bath 19, 
the measuring electrode 3 is electrically connected 

20 to the melt bath 19. Thus, the electric potential oh 
the measuring electrode side of the sensor element 
1 can be measured through the melt bath 19 of 
molten aluminum. 

Thus, while a part of the holder 10 is being 

25 dipped into the melt bath 19, hydrogen dissolved in 
the melt bath 19 reaches in equilibrium with hy- 
drogen gas in the space between the holder 10 
and the melt bath 19, and the relationship between 
the hydrogen concentration S dissolved in the mol- 

30 ten metal and the hydrogen partial pressure Ph2 in 
said space can be expressed by said equation (3). 
Therefore, the hydrogen partial pressure P H 2 can 
be measured by the sensor element 1 using gal- 
vanic electromotive force. That is, by supplying the 

35 reference gas to the atmosphere around of the 
reference electrode 2 through the tube 4, the elec- 
tromotive force E generated between the measur- 
ing electrode 3 contacting with gas in said space 
and the reference electrode 2 contacting with said 

40 reference gas in the sensor element 1 can be 
detected. Then, using said equation (1), the hy- 
drogen partial pressure P H 2 over the surface of 
molten metal is obtained from this electromotive 
force. The hydrogen concentration S dissolved in 

45 the molten metal is then obtained from this hy- 
drogen partial pressure Ph2 using said equation (3). 
Thus, the hydrogen concentration in the molten 
metal can be measured without dipping the sensor 
element 1 into the molten metal. Therefore, corro- 

50 sion of the sensor element 1 by the molten metal 
can be avoided, and dissolved hydrogen concen- 
tration can be continuously measured for long pe- 
riod. 

Next, referring to Figure 3, a modified form of 
55 this embodiment will be described. In Figure 3, all 
parts essentially same as for Figure 1 are identified 
by the same numeral, but will not be described in 
detail. In this sensor probe, a sensor element 20 
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has a slightly larger diameter than that of the 
sensor element 1 shown in Figure 1, and there 
exists a slight space between a mullite tube 4 and 
the inner surface of the sensor element 20. By 
ceramic adhesive 21 embedded in the space, the 
sensor element 20 and the tube 4 are fixed. And, 
powdered glass sealing material 23 is filled in the 
space between the tube 4 upper the ceramic adhe- 
sive 21 and the sensor element 20, and the sensor 
element 20 and the tube 4 are fixed at the opening 
part of the sensor element 20 with the ceramic 
adhesive 22. Thereby, powdered glass sealing ma- 
terial 23 is enclosed by adhesive 22. 

Thus constructed sensor probe is also placed 
in a sensor holder 10 as the sensor probe shown in 
Figure 2 and can be used for measuring hydrogen 
concentration in molten metal as described in the 
aforementioned embodiment and method with simi- 
lar effect. Then, the hydrogen concentration in mol- 
ten metal was measured using a sensor probe 
manufactured according to this embodiment. Re- 
sults of this test will be described below. That is, a 
porous platinum electrode was seized or baked at 
900 *C on both the inner and outer surface of a 
sensor element 1 enclosed at the one end and 
made of CaZr 0 . g lno.i0 3 - x , one of proton conductive 
solid electrolyte with perovskite structure. Then, 
platinum paste was painted on tubes 4 and 6 made 
of mullite tubes inserted with a lead wire 5 made of 
Pt wire, and these tubes 4 and 6 were inserted into 
the sensor element 1 . 

Then, powdered glass sealing material 7 
(composition: Na2O3.B2O3.SiO2; thermal expansion 
coefficient: 9.5 x 10~ 6 ; softening point: 695 *C; 
fluidization point : 880 «C) was filled in the space 
between the mullite tube 4 and the solid electrolyte 
sensor element 1, and ceramic adhesive 8 was 
painted. Thus constructed sensor probe was heat- 
ed in an electric furnace (heating and cooling rate: 
5'C/second, keeping 10 minutes at 850 *C) to fuse 
powdered glass sealing material 7. Then, this 
probe was fixed to a silicon nitride holding cup 10 
using powdered glass sealing material 15 and ce- 
ramic adhesive 16. As shown in Figure 4, the 
hydrogen concentration in aluminum melt bath 31 
melted in a graphite crucible 30 was measured 
using this sensor probe. The hydrogen partial pres- 
sure over the aluminum melt bath 31 was adjusted 
by introducing a mixture containing Ar gas and 
hydrogen gas at various rate through a gas mixer 
35 connected to an Ar gas source 37 and a hy- 
drogen gas source 36. Thus, the hydrogen con- 
centration in the molten metal was controlled at 
various values by placing the bath under the at- 
mosphere of various hydrogen partial pressure, and 
the electromotive force of the sensor element 1 (or 
20) was measured under these conditions. The 
temperature of molten metaJ and the electromotive 



force were recorded on a recorder 33. The molten 
metal in graphite crucible 30 was maintained at 
constant temperature by heating using a heater 34. 
Furthermore, to estimate the measurement ac- 
5 curacy of the sensor probe of this embodiment, the 
hydrogen concentration in the aluminum melt bath 
31 was measured by the Telegas method using a 
gas chromatographic apparatus 38. In this case, 
nitrogen gas provided from a nitrogen gas source 
10 40 was bubbled into the molten metal, and when 
the hydrogen concentration in the atmosphere over 
the surface of molten metal was reached in equilib- 
rium with the hydrogen concentration in the molten 
metal, the atmospheric gas was introduced into the 
15 gas chromatographic apparatus 38 to measure the 
hydrogen concentration. Temperature in the melt 
bath 31 was measured using a K thermocouple and 
results were in the range of 700-800 "C. The 
Telegas method used here is known as a method 
20 providing highly accurate values in determination of 
hydrogen concentration in molten metal. 

Figure 5 shows a graph prepared by plotting 
hydrogen concentrations measured by the Telegas 
method on X-axis and electromotive forces of the 
25 sensor element on Y-axis. These data were ob- 
tained from 99 wt% pure aluminum solution bath 
maintained at 750 0 C. According to Figure 5, there 
exists very good co-relation between the hydrogen 
concentration in molten metal measured by the 
30 Telegas method and the electromotive force of the 
sensor element. Similar results can be obtained 
under different temperature conditions. 

Figure 6 represents a graph prepared by plot- 
ting hydrogen concentrations in molten metal mea- 
35 sured by the Telegas method on X-axis and hy- 
drogen concentrations measured by the sensor ele- 
ment of this embodiment on Y-axis for comparison. 
As Figure 6 clearly shows, there is good agree- 
ment between measurements obtained from the 
40 Telegas method and those from the sensor of this 
invention. Therefore, it is understood that the mea- 
surements by the sensor probe of this embodiment 
is highly accurate. 

Figure 7 shows a sectional view of a sensor 
45 probe for measuring dissolved hydrogen concen- 
tration according to the second embodiment of the 
present invention. In Figure 7, all parts identical to 
those shown in Figures 1 and 2 are indicated by 
the same numerals without detail descriptions, 
so One end of a tube 4 made of a mullite tube for 

introducing the reference gas (with constant hy- 
drogen concentration) is inserted into a sensor ele- 
ment 1 , and a lead wire 5 made of Pt, Ni or the like 
is inserted into the tube 4. And, a mullite tube 6 is 
55 also inserted into this tube 4. The reference gas is 
supplied to the reference electrode 2 through the 
passage in the inner tube 6 and discharged from 
the atmosphere around the reference electrode 2 
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through the space between the inner tube 6 and 
the outer tube 4. And, the tube 4 is inserted into 
the sensor element 1 in a state that metal paste 
such as Pt, Ni or the like is painted on its lower 
end part. Thereby, the lower end part of lead wire 
5 is caught by the tube 4 and the sensor eiement 
1, and by pushing the lower end part of the lead 
wire 5 painted with said metal paste to the porous 
reference electrode 2, the lead wire 5 is being 
electrically connected to the porous reference elec- 
trode 2. 

And, a fine ceramic sleeve 45 made of alu- 
mina, mullite or silicon nitride, for example, con- 
tacts with the outer surface of sensor element 1. 
This sleeve 45 is longer than the sensor element 1 
and its upper level is coordinated to the upper level 
of the sensor element 1 with extending its lower 
end far downwards than the lower end of sensor 
element 1. Powdered glass sealing material 7 is 
placed in the opening part of the sensor element 1 
to fill spaces between the gas inlet tube 4 and the 
sensor element 1 and the sleeve 45. By this glass 
sealing material 7, the reference electrode 2 is 
separated gas-tightly from the outside atmosphere 
and from the atmosphere around the measuring 
electrode 3. On inner surface of this sleeve 45, 
lead 46 made of conductive paste is formed to 
electrically connect to the measuring electrode 3 of 
the sensor element 1 , and the measuring electrode 
3 is connected to a main measuring apparatus (not 
shown in the drawing) through this lead 46. 

Next, the operation of thus constructed sensor 
probe will be described. By dipping the lower end 
of the sleeve 45 into molten metal (not shown in 
this drawing), a space surrounded by the sensor 
element 1 , the sleeve 45 and the surface of molten 
metal is formed in the sleeve 45. The sensor 
element 1 is not dipped into molten metal and the 
measuring electrode 3 is placed in this space. 

Thereby, hydrogen dissolved in molten metal 
reaches in equilibrium with hydrogen gas in the 
space surrounded by the sleeve 45. the sensor 
element 1 and molten metal, and the relationship 
between the hydrogen concentration S in molten 
metal and the hydrogen partial pressure P H 2 in said 
space can be expressed by the equation (3). 
Therefore, the hydrogen partial pressure P H2 in this 
space is measured by the sensor element 1 using 
galvanic electromotive force. That is, the reference 
gas is supplied to and circulated around the refer- 
ence electrode 2 using the tubes 4 and 6, the 
electromotive force E generated between the mea- 
suring electrode 3 contacting with gas in said 
space and the reference electrode 2 contacting 
with the reference gas in the sensor element 1 is 
detected, and the hydrogen partial pressure Phz 
over molten metal is obtained from this electromo- 
tive force using said equation (1). Then, the hy- 



drogen concentration S dissolved in molten metal 
is calculated from this hydrogen partial pressure 
P H2 usingsaid equation (3). Thus, hydrogen con- 
centration in molten metal can be measured with- 

5 out dipping the sensor element 1 into molten metal. 
Therefore, corrosion of the sensor element 1 by 
molten metal can be avoided, and dissolved hy- 
drogen concentration can be continuously mea- 
sured for long period, 

70 Figure 8 shows a modified form of this embodi- 

ment. In Figure 8, all parts essentially identical to 
those shown in Figure 7 are shown by same nu- 
merals without detail description. A tube 47 for 
discharging the reference gas of this sensor probe 

75 is made of stainless steel, therefore it is elect rocon- 
ductive. 

Then, by electrically connecting the reference 
electrode 2 on the inner surface of the sensor 
element 1 to the tube 47, the reference electrode 2 

20 is electrically connected to a main measuring ap- 
paratus through the tube 47. Therefore, the lead 
wire 5 used in the previous ^embodiment as shown 
in Figure 7 can be eliminated thereby. This em- 
bodiment has an effect similar to that of the pre- 

25 vious embodiment shown in Figure 7. 

Then, manufacturing of the sensor probe ac- 
cording to the embodiment shown in Figure 8 and 
results of measurement of hydrogen concentration 
in molten metal will be described. First, a porous 

30 platinum electrode was seized or baked on the 
inner and outer surfaces of a sensor element 1 
made of CaZro.9ln 0 .i0 3 -x of proton conductive solid 
electrolyte with perovskite structure and enclosed 
at the one end at temperature of 900 • C. Then, an 

35 aluminum tube 4 and a stainless steel tube 47 with 
function as a lead wire were inserted into the 
sensor element 1 . 

Next, a mullite sleeve 45 was attached to the 
sensor element 1 so that its lower end is extending 

40 10 mm downwards from the lower end level of the 
sensor element 1, and the tube 4, the sensor 
element 1 and the sleeve 45 were fixed by pow- 
dered glass sealing material 7 (composition: 
Na2O3.B2O3.SiO2; thermal expansion coefficient: 

45 9.5 x 10~ 6 ; softening point: 695° C; fluidization 
point: 880 0 C). Thus constructed sensor probe was 
heated in an electric furnace (heating and cooling 
rates were 5 • C/minute and maintained at 850 * C 
for 10 minutes) to fuse and fix powdered glass 

50 sealing material 7. 

Then, using thus constructed sensor probe, the 
hydrogen concentration in the aluminum melt bath 
31 was measured by the apparatus shown in Fig- 
ure 4. The reference gas for the sensor element 1 

55 was 1% hydrogen gas. As result, measurements 
obtained were similar to those shown in Figures 5 
and 6 which were obtained from the first embodi- 
ment shown in Figures 1 and 2, and hydrogen 

7 
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concentration in molten metal could be measured 
in this embodiment 

Next, the third embodiment of this . invention 
will be described, referring to Figure 9. In Figure 9, 
all parts identical to those referred in Figures 7 and 
8 are indicated using the same numerals, but they 
are not described in detail. The lower half of a 
sensor element 1 is filled with solid reference ma- 
terial 49. And, a ceramic insulating tube 47 is 
inserted into the upper part of the sensor element 1 
to hold the sensor element 1 so that solid refer- 
ence material 49 is sealed in the sensor element 1 
by this insulating tube 47. The insulating tube 47 is 
fixed to the inner surface of the sensor element 1 
by metal paste 48 such as Pt and the like. 

A lead wire 5 made of Pt, Ni or the like is 
inserted into the insulating tube 47. On the lower 
end part of the insulating tube 47, metal paste such 
as Pt, Ni or the like is painted, and by catching the 
lower end part of lead wire 5 with the insulating 
tube 47 and solid reference material 49, the lead 
wire 5 is electrically connected to solid reference 
material 49 by said metal paste. 

And, a fine ceramic sleeve 45 made of alu- 
mina, mullite or nitride silicon, for example, is con- 
nected to the outer surface of sensor element 1. 
This sleeve 45 is longer than the sensor element 1 
and its upper level is coordinated to the upper level 
of the sensor element 1, so that its lower end is 
extending downwards than the lower end of sensor 
element 1. Powdered glass sealing material 7 is 
placed in the opening part of the sensor element 1 
to fill the s£ace between the insulating tube 47, the 
sensor element 1 and the sleeve 45. By this glass 
sealing material 7, the reference electrode 2 is 
separated gas-tightly from the outside atmosphere 
and from the atmosphere around the measuring 
electrode 3. On inner surface of this sleeve 45, 
lead 46 made of conductive paste is formed to 
electrically connect with the measuring electrode 3 
of the sensor element 1, and the measuring elec- 
trode 3 is connected to a main measuring appara- 
tus (not shown in the drawing) through this lead 46. 

As solid reference material, there are hydrox- 
yapatite (Cai 0 (PO 4 )6(OH)2), aluminum phosphate 
(AIPOO and the like as described in Japanese 
Patent Application Laid Open No. 269053/1988. 

Next, the operation of thus constructed sensor 
probe will be described. By dipping the lower end 
of the sleeve 45 into molten metal (not shown in 
Figure 9), a space surrounded by the sensor ele- 
ment 1, the sleeve 45 and the melt surface is 
formed in the sleeve 45. The sensor element 1 is 
not dipped into the molten metai and the measur- 
ing electrode 3 is placed in this space. 

Thus, as described in the previous embodi- 
ment shown in Figure 7 and 8, by detecting the 
electromotive force E generated between the elec- 



trode 3 contacting with gas in the said space and 
the reference electrode 2 contacting the solid refer- 
ence material 49 in the sensor element 1, the 
hydrogen partial pressure P„2 over molten metai 
5 can be obtained from this electromotive force ac- 
cording to said equation (1). And, from this hy- 
drogen partial pressure Ph2, the hydrogen con- 
centration S dissolved in molten metal can be 
obtained according to m said equation (3). Thus, hy- 
10 drogen concentration in molten metal can be mea- 
sured without dipping the sensor element 1 into the 
molten metal. Therefore, corrosion of the sensor 
element 1 by molten metaJ can be avoided, and 
dissolved hydrogen concentration can be continu- 
es ously measured for long period. 

Figure 10 is a sectional view of a modified form 
of this embodiment. In Figure 10, all parts essen- 
tially identical to those shown in Figure 9 are 
shown by same numerals without detail description. 
20 This sensor probe has a relatively longer sleeve 50 
of which upper part is placed on higher level than 
the upper part of the sensor element 1 . Therefore, 
glass sealing material 7 covers also the space 
between the sleeve 50 and the insulating tube 47 
25 to improve its sealing performance. This embodi- 
ment has effect similar to that of the previous 
embodiment shown in Figure 9. 

Then, manufacturing of the sensor probe ac- 
cording to the embodiment shown in Figure 10 and 
30 results of measurement of hydrogen concentration 
in molten metal will be described. First, a porous 
platinum electrode 2 and a measuring electrode 3 
were seized or baked on the inner and outer sur- 
faces of a sensor element 1 made of 
35 CaZro.9lno.1O3._x and enclosed at the one end at 
temperature of 900 • C. Then, the sensor element 1 
was filled with a mixture of AIPO4 and 
Lao.4Sro. 6 Co0 3 - x powders as solid reference ma- 
terial, an aluminum insulating tube 47 inserted with 
40 Pt lead wire and painted with Pt paste was inserted 
into the sensor element 1. Then, a sensor probe 
was manufactured as described in the previous 
embodiment shown in Figure 8. 

Then, hydrogen concentration in the aluminum 
45 melt bath 31 was measured by the apparatus 
shown in Figure 4 using this sensor probe. In this 
embodiment, results similar to those shown in Fig- 
ures 5 and 6 could be obtained. 

Next, the fourth embodiment of this invention 
50 will be described, referring to Figure 11. The upper 
part of a sensor element 1 is covered with a part of 
a fine ceramic tube 51 made of alumina, mullite or 
silicon nitride, for example, for introducing the ref- 
erence gas (constant hydrogen concentration) and 
55 holding the sensor element, and a lead wire 5 
made of Pt, Ni or the like is inserted into this tube 
51. This lead wire 5 is electrically connected to the 
reference electrode 2 on the inner surface of the 
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sensor element 1 by metal paste made of Pt, Ni or 
the like. And, a mullite tube 52 Is inserted into the 
tube 51. The reference gas is supplied to the 
reference electrode 2 through the passage in the 
inner tube 52 and discharged from the atmosphere 
around the reference electrode 2 through the space 
between the outer tube 51 and the inner tube 52. 
And, glass sealing material 7 is placed on the 
space between the lower end of tube 51 and the 
sensor element 1 , and this glass sealing material 7 
is connecting to the tube 51 and the sensor ele- 
ment 1 and also keeping in gas-tight between both 
parts as well as between the reference electrode 2 
and the outside atmosphere. On the outer surface 
of the tube 51, is painted with conductive paste 46 
which is electrically connected to the measuring 
electrode 3 on the outer surface of the sensor 
element 1. By this, the measuring electrode 3 is 
connected to a signal processor through this con- 
ductive paste 46. 

And, a porous silicon carbide ceramic cup 53 
is formed as a tube enclosed at its lower end and 
fixed to the tube 51 through ceramic adhesive 8 so 
that its open end is placed on the lower end of the 
tube 51. This cup 53 is made of porous silicon 
carbide (SiC) which is difficult to wet with molten 
metal. 

Said porous ceramic cup is made of materials 
through which molten metal is not permeable but 
only gas is permeable. As one of such materials, 
silicon carbide with poor wettability to molten metal 
can be used. Such material which is poor wettable 
to molten metal is preferable due to lower per- 
meability of molten metal into the cup. Further- 
more, it is preferable to use a material with pore 
size of 30 u.m or less as porous material constitut- 
ing this cup 53 to ensure prevention of permeability 
of molten metal. 

Then, the operation of thus constructed sensor 
probe will be described. First, by dipping the po- 
rous silicon carbide cup 53 into molten metal (not 
shown in Figure 11), a part of formed measuring 
electrode 3 of a sensor element 1 is placed on 
lower level than the surface of molten metal. By 
doing this, the space surrounded by the cup 53, 
i.e. the space between the cup 53 and the sensor 
element 1, contacts with molten metal through the 
cup, and thereby the measuring electrode 3 of the 
sensor element 1 contacts with this atmosphere. 

Thus, hydrogen concentration in molten metal 
reaches in equilibrium with hydrogen gas in the 
space surrounded by the cup 53, and the relation- 
ship between the hydrogen concentration S in mol- 
ten metal and the hydrogen partial pressure P H 2 in 
said space can be expressed by said equation (3). 
Then, the hydrogen partial pressure P H 2 in this 
space is measured by the sensor element 1 using 
galvanic electromotive force. That is, by circulating 



the reference gas around the reference electrode 2 
through the tubes 51 and 52, and by detecting the 
electromotive force E generated between the elec- 
trode 3 contacting with gas in said space and the 

5 reference electrode 2 contacting with said refer- 
ence gas in the sensor element 1, the hydrogen 
partial pressure P H 2 over the surface of molten 
metal is measured from this electromotive force 
according to said equation (1). Then, the hydrogen 

10 concentration S dissolved in molten metal is mea- 
sured from this hydrogen partial pressure P H2 ac- 
cording to said equation (3). Thus, the hydrogen 
concentration in molten metal can be measured 
without dipping the sensor element 1 into molten 

75 metal. Therefore, corrosion of the sensor element 1 
by molten metal can be avoided and the dissolved 
hydrogen concentration can be continuously mea- 
sured for long period. 

Figure 12 is a sectional view of a modified form 

20 of this embodiment. In Figure 12, all parts essen- 
tially identical to those shown in Figure 11 are 
shown by same numerals without detail description. 
A reference gas discharge tube 54 of this sensor 
probe is made of stainless steel, therefore it is an 

25 electroconductive. Then, by connecting electrically 
the reference electrode 2 on the inner surface of a 
sensor element 1 to the tube 54, the reference 
electrode 2 is electrically connected to a main 
measurement apparatus through the tube 54. 

30 Thereby, the lead wire 5 of the previous embodi- 
ment shown in Figure 11 can be eliminated. This 
embodiment has effect similar to that of the pre- 
vious embodiment shown in Figure 1 . 

Then, manufacturing of the sensor probe ac- 

35 cording to the embodiment shown in Figure 12 and 
results of determination of hydrogen concentration 
in molten metal will be described. First, an alumina 
tube 51 was inserted into a sensor element 1 
manufactured as the aforementioned, then seized 

40 each other using powdered glass sealing material 7 
(composition: Na2O3.B2O3.SiO2; thermal expansion 
coefficient: 9.5 x 1(T 6 ; softening point: 695 'C; 
fluidization point: 880 *C). Then, the sensor ele- 
ment 1 was covered by a porous silicon carbide 

45 cup 53 with pore size of 30 um or less, and this 
cup was fixed to the tube 51 by ceramic adhesive. 

Thus constructed sensor probe was heated in 
an electric furnace (heating and cooling rate: 
5'C/minute; maintained at 850 °C for 10 minutes) 

50 to fuse powdered glass sealing material 7, then 
ceramic adhesive was solidified by cooling down. 
Then, a stainless steel tube 54 having both func- 
tions as gas inlet tube and lead tube was inserted 
into the sensor element 1 , and the lower end of this 

55 tube 54 was fixed to the reference electrode 2 to 
complete the sensor probe. 

Then, the hydrogen concentration in the alu- 
minum melt bath 31 was measured using this sen- 
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sor probe as shown in Figure 4. As the reference 
gas in the sensor element 1,1% hydrogen gas was 
used. As result, the hydrogen concentration in the 
molten metal could be measured accurately as 
described for the sensor probe shown in Figures 5 
and 6. 

Next, the fifth embodiment of this invention will 
be described, referring to Figure 13. In Figure 13, 
all parts identical to those referred in Figures 11 
and 12 are indicated using the same numerals, but 
they are not described in detail. The lower end of a 
ceramic insulating tube 55 for holding a sensor 
element is inserted into the upper part of the sen- 
sor element 1, and the sensor element 1 and the 
ceramic insulating tube 55 are fixed each other by 
ceramic adhesive 59. A lead wire 5 made of Pt, Ni 
or the like is inserted into this insulating tube 55. 
This lead wire 5 is electrically connected to the 
reference electrode 2 on the inner surface of the 
sensor element 1 through metal paste 57 made of 
Pt, Ni or the like. On the outer surface of the 
insulating tube 55, is painted with conductive paste 
58 so that this conductive paste 58 is electrically 
connected to a measuring electrode 3 on the outer 
surface of the sensor element 1. Thereby, the 
measuring electrode 3 is connected to a main 
measuring apparatus through this conductive paste 
58. 

In a space enclosed by the insulating tube 55 
in the sensor element 1, as the reference for gal- 
vanic electromotive force, solid reference material 
56 is filled to contact with the reference electrode 
2. As solid reference material 56, there are hydrox- 
yapatite, aluminum phosphate and the like. 

And, as previously described, the sensor ele- 
ment 1 is attached to the opening part of a porous 
ceramic cup 53 with poor wettability to molten 
metal. And, on both opening parts of this cup 53 
and the sensor element 1 , glass sealing material 7 
is placed, and thereby both the reference electrode 
2 and the measuring electrode 3 are sealed in gas- 
tight from each other and from the outside at- 
mosphere. In this embodiment, the cup 53 is fixed 
to the sensor element 1 and an appropriate space 
is formed between the cup 53 and the outer sur- 
face at the enclosed part of the sensor element 1. 

Next, the operation of thus constructed sensor 
probe will be described. First, by dipping the po- 
rous silicon carbide cup 53 into molten metal (not 
shown in Figure 13), a space formed between the 
sensor element 1 and the cup 53 is placed at lower 
level than the surface of molten metal. Thereby, 
the space surrounded by the cup 53; i.e. the space 
between the cup 53 and the sensor element 1, 
contacts with molten metal through the cup 53. 
Therefore, the measuring electrode 3 of the sensor 
element 1 contacts with this space. 



Thus, as described in the previous embodi- 
ment shown in Figure 12, the hydrogen concentra- 
tion Ph2 in said space can be measured by the 
sensor element 1 using galvanic electromotive 
5 force. In this case, solid reference material 56 is 
used as the reference for galvanic electromotive 
force. 

Then, manufacturing of the sensor probe ac- 
cording to the embodiment shown in Figure 13 and 
io results of determination of hydrogen concentration 
in molten metal will be described. As solid refer- 
ence material 56, a mixture of AIPO* and 
Lao.4Sro.6Co0 3 -. x powders was used. An alumina 
insulating tube 55 inserted with Pt lead wire 5 and 
;5 painted with Pt paste on its lower end was inserted 
into the sensor element 1 and fixed with ceramic 
adhesive 59. Then, whole sensor probe 1 was 
covered with a porous silicon carbide ceramic cup 
53 with the average pore size of 15 urn, and it was 
20 sealed by powdered glass sealing material 7 
(composition: Na2 0 3 B2O3 SiCfe; thermal expansion 
coefficient: 9.5 x 10~ 6 ; softening point: 695 *C; 
f luidization point: 880 0 C). 

Thus constructed sensor probe was heated in 
25 an electric furnace (heating and cooling rate: 
5°C/minute; maintained at 850 *C for 10 minutes) 
to fyse powdered glass sealing material 7, then 
ceramic adhesive was solidified. 

Then, the hydrogen concentration in the alu- 
30 minym melt bath 31 was measured by the appara- 
tus Shown in Figure 4 using this sensor probe. As 
result, the hydrogen concentration in molten metal 
could be measured accurately similar to those 
shown in Figures 5 and 6. 
35 Then, referring to Figure 14, the sixth embodi- 

ment of this invention will be described. In this 
embodiment, a non-porous ceramic sleeve 60 
made of alumina, mullite or silicon nitride for exam- 
ple, is connected to the outer surface of sensor 
40 element 1. This sensor element 1 is placed in the 
sleeve 60 so that its opening lower end is slightly 
extending from the lower end of the sleeve 60, and 
the sleeve 60 and the sensor element 1 are fixed 
each other at the lower end of the sleeve 60 by 
45 glass sealing material 7. By this glass sealing ma- 
terial 7, the reference electrode 2 is sealed in gas- 
tightly from the electrode 3 as well as from the 
outside atmosphere. 

On the inner surface of this sleeve 60, lead 62 
so made of conductive paste is formed to electrically 
connect to the measuring electrode 3 extending its 
open part slightly outside of the sensor element 1 , 
and :the measuring electrode 3 is connected to a 
main measuring apparatus (not shown in the draw- 
55 ing) through this lead 62. On the other hand, a part 
of mullite tube 61 for introduction of the reference 
gas (at constant hydrogen concentration) is insert- 
ed into the ceramic sleeve 60, and a lead wire 5 



10 



19 



EP 0 544 281 A1 



20 



made of Pt, Ni or the like is inserted into this tube 
61. This lead wire 5 is electrically connected to the 
porous reference electrode 2 through conductive 
paste 68, and the reference electrode 2 is con- 
nected to a main measurement apparatus through 
the lead wire 5. 

Each of the tubes 61 and 60 has a double tube 
structure. The reference gas is supplied to the 
reference electrode 2 through the passage in the 
inner tube 61 and discharged from the atmosphere 
around the reference electrode 2 through the pas- 
sage formed between the outer tube 60 and the 
inner tube 61 . 

Next, the operation of thus constructed sensor 
probe will be described. By dipping the lower end 
of the sensor element 1 made of proton conductive 
solid reference material into molten metal (not 
shown in this drawing), a space surrounded by the 
sensor element 1 and the surface of molten metal 
is formed in the sensor element 1 . Only the lower 
part of the sensor element 1 is dipped into molten 
metal and most part of the measuring electrode 3 
is placed in said space. 

Thereby, hydrogen dissolved in molten metal 
reaches in equilibrium with hydrogen gas in the 
space surrounded by the sensor element 1 and 
molten metal, and the relationship between the 
hydrogen concentration S in molten metal and the 
hydrogen partial pressure P H 2 in said space can be 
expressed by the equation (3). Therefore, the hy- 
drogen partial pressure P H 2 in this space is mea- 
sured by the sensor element 1 using galvanic 
electromotive force. That is, the reference gas is 
supplied to and circulated around the reference 
electrode 2 using the tubes 61 and 60, the elec- 
tromotive force E generated between the measur- 
ing electrode 3 contacting with gas in said space 
and the reference electrode 2 contacting with said 
reference gas is detected, and the hydrogen partial 
pressure Ph2 over molten metal is obtained from 
this electromotive force using said equation (1). 
Then, the hydrogen concentration S dissolved in 
molten metal is calculated from this hydrogen par- 
tial pressure Ph2 using said equation (3). Thus, 
hydrogen concentration in molten metal can be 
measured without dipping the sensor element 1 
into molten metal. Therefore, corrosion of the sen- 
sor element 1 by molten metal can be avoided, 
and dissolved hydrogen concentration can be con- 
tinuously measured for long period. 

Figure 15 is a sectional view of a modified form 
of this embodiment In Figure 15, all parts essen- 
tially identical to those shown in Figure 14 are 
shown by same numerals without detail description. 
A reference gas discharge tube 63 of this sensor 
probe is made of stainless steel, therefore it is an 
electroconductive. Then, by connecting electrically 
the reference electrode 2 on the inner surface of a 



sensor element 1 to the tube 63, the reference 
electrode 2 is electrically connected to a main 
measurement apparatus through the tube 63. 
Thereby, the lead wire 5 of the previous embodi- 

5 ment shown in Figure 1 can be eliminated. This 
embodiment has effect similar to that of the pre- 
vious embodiment shown in Figure 1 . 

Then, manufacturing of the sensor probe ac- 
cording to the embodiment shown in Figure 15 and 

10 results of determination of hydrogen concentration 
in molten metal will be described. First, on the 
outer and inner surfaces of said sensor element 1 , 
a porous platinum electrode was seized at 900 # C. 
Then, an alumina tube 60 was fixed on the outside 

75 surface of the sensor element 1, and by glass 
sealing material 7 (composition: Na2O3.B2O3.SiO2; 
thermal extension coefficient: 9.5 x 10~ 6 ; softening 
point: 695 * C; fluidization point: 880 *C), the tube 
60 and the element 1 were fixed. Thus constructed 

20 sensor probe was heated in an electric furnace to 
fuse powdered glass sealing material 7. Then, a 
stainless steel tube 63 having a function as a lead 
wire was inserted into the tube 60 and this lead 
tube 63 was connected to the reference electrode 

25 2. 

Then, the hydrogen concentration in the alu- 
minum melt bath 31 was measured using this sen- 
sor probe as shown in Figure 4. As the reference 
gas in the sensor element 1,1% hydrogen gas was 
30 used. As a result, the same effects as shown in 
Figures 5 and 6 could be obtained. 

Then, referring to Figure 16, the seventh em- 
bodiment of this invention will be described. In 
Figure 1 6, all parts identical to those used in Figure 
35 15 identified with the same numerals used for 
Figure 15 and detail description was omitted. As 
shown in Figure 16, in the half upper part of a non- 
porous ceramic sleeve 60 made of alumina, mullite 
or silicon nitride for example, is inserted with a part 
40 of a ceramic insulating tube 67 to hold a sensor, 
and a lead wire 5 made of Pt, Ni or the like is 
inserted into the central passage of this insulating 
tube 67. This lead wire 5 is electrically connected 
to a porous reference electrode 2 through conduc- 
es tive paste 66 made of Pt, Ni or the like, and the 
reference electrode 2 is connected to a main mea- 
suring apparatus through the lead wire 5. The in- 
sulating tube 67 is fixed to the holder 60 by glass 
sealing material 65. Further, a space between the 
50 insulating tube 67 and the holder 60 is sealed with 
this glass sealing material 65 in gas-tightly from the 
outside atmosphere. 

In between the sensor element 1 in the holder 
60 and the ceramic insulating tube 67, solid refer- 
55 ence material 64 which is used as the reference of 
galvanic electromotive force is filled so that it con- 
tacts with the reference electrode 2. As this solid 
reference material 64, hydroxyapatite, aluminum 
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phosphate and the like can be used. 

Next, the operation of thus constructed sensor 
probe will be described. By dipping the lower end 
of the sensor element 1 made of proton conductive 
solid reference material into molten metal (not 5 
shown in this drawing), a space surrounded by the 
sensor element 1 and the surface of molten metal 
is formed in the sensor element 1. Only a lower 
part of the sensor element 1 is dipped into molten 
metal, but most part of the measuring electrode 3 w 
is placed in said space. 

Thereby, hydrogen dissolved in molten metal 
reaches in equilibrium with hydrogen gas in the 
space surrounded by the sensor element 1 and 
molten metal, and the relationship between the 75 
hydrogen concentration S in molten metal and the 
hydrogen partial pressure Ph2 in said space can be 
expressed by the equation (3). Therefore, the elec- 
tromotive force E generated between the reference 
electrode 2 and the measuring electrode 3 contact- 20 
ing with gas in said space is detected using solid 
reference material 1 1 as the reference of galvanic 
electromotive force, and the hydrogen partial pres- 
sure P H2 over the surface of molten metal is ob- 
tained from this galvanic electromotive force ac- 25 
cording to the equation (1). Then, the hydrogen 
concentration S in molten metal is calculated from 
this hydrogen partial pressure Ph2 using said equa- 
tion (3). Thus, hydrogen concentration in molten 
metal can be measured without dipping the formed 30 
part of the measuring electrode 3 of the sensor 
element 1, i.e. the electromotive force measuring 
part, into molten metal. Therefore, corrosion of the 
sensor element 1 by molten metal can be avoided, 
and dissolved hydrogen concentration can be con- 35 
tinuously measured for long period. 

Then, manufacturing of the sensor probe ac- 
cording to the embodiment shown in Figure 16 and 
results of determination of hydrogen concentration 
in molten metal will be described. First, the alumina 40 
holder 60 was inserted into the sensor element 1 
manufactured as described above, and the holder 
60 and the element 1 were fixed with powdered 
glass sealing material 7 (composition: 
Na2O3.B2O3.SiO2; thermal expansion coefficient: 45 
9.5 x 10-*; softening point: 695 *C; fluidization 
point: 880 °C). Then, as solid reference material 64, 
a mixture of AIPO< and Lao.4Sro. 6 Co0 3 - x powders 
was filled in the holder 60. An alumina insulating 
tube 67 inserted with Pt lead wire 5 and painted 50 
with Pt paste 66 on its lower end was inserted into 
the holder 60 and fixed to the holder 60 with 
powdered glass sealing material 65. And, the lead 
wire 5 was electrically connected to the reference 
electrode 2 by Pt paste 66 on the lower end of the 55 
insulating tube 67. Thus constructed sensor probe 
was heated in an electric furnace to fuse powdered 
glass sealing material 7 and 65. The hydrogen 



concentration in molten metal was measured using 
thus manufactured sensor probe as shown in Fig- 
ure 4. Effects similar to those shown in Figures 5 
and 6 could be obtained. 

Then, referring to Figure 17, the eighth em- 
bodiment of this invention will be described. In 
Figure 17, all parts identical to those used in Figure 
14 identified with the same numerals used for 
Figure 14 and detail description was omitted. 

To the lower opening part of a sensor element 
1, is attached with a silicon carbide (SiC) filter 70 
as a plug for the opening part of the sensor ele- 
ment 1 . This filter 70 is fixed to the sensor element 
1 by ceramic adhesive 71. This filter 70 is made of 
porous material with the average pore size of 30 
urn or less. 

Next, the operation of thus constructed sensor 
probe will be described. By dipping a part includ- 
ing the silicon carbide filter 70 into molten metal 
(not shown in this drawing), a space surrounded by 
the filter 70 is formed in the sensor element 1 so 
that the space is placed lower level than the sur- 
face of molten metal. By doing this, permeability of 
molten metal into said space is prevented by the 
filter 70, only this space contacts with molten metal 
through the filter 70 and thereby the measuring 
electrode 3 of the sensor element 1 contacts with 
gas in the space. 

Tlius, hydrogen concentration in molten metal 
reaches in equilibrium with hydrogen gas in the 
space surrounded by the sensor element 1 . There- 
fore, by measuring the hydrogen partial pressure 
Ph2 in this space by the sensor element 1 using 
galvanic electromotive force, the hydrogen con- 
centration S dissolved in molten metal can be 
obtained as mentioned above based on the rela- 
tionship between the hydrogen concentration S in 
molten metal and the hydrogen partial pressure Ph2 
in said space. Thus, hydrogen concentration in 
molten metal can be measured without dipping the 
sensor element 1 into molten metal. Therefore, 
corrosion of the sensor element 1 by molten metal 
can be avoided, and dissolved hydrogen concen- 
tration can be continuously measured for long pe- 
riod. 

Then, referring to Figure 18, a modified form of 
this embodiment will be described. In Figure 18, ail 
parts identical to those used in Figure 17 are 
identified with the same numerals used for Figure 
17, and detail description was omitted. In the upper 
half of a sensor element 1, is inserted with a part of 
a ceramic insulating tube 76 to hold the sensor 
element 1 , and the sensor element 1 and the 
ceramic insulating tube 76 are fixed with ceramic 
adhesive 74. In the central passage of this insulat- 
ing tube 76, a lead wire 5 made of Pt, Ni or the like 
is inserted. This lead wire 5 is electrically con- 
nected to a reference electrode 2 on the inner 
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surface of the sensor element 1 through metal 
paste 68 made of Pt, Ni or the like. 

In the space enclosed by the insulating tube 76 
in the sensor element 1 , solid reference material 72 
as the reference for galvanic electromotive force is 5 
filled to contact with the reference electrode 2. As 
this solid reference material 72, hydroxyapatite, 
aluminum phosphate and the like can be used. 

The sensor element 1 is inserted with a ce- 
ramic sleeve 73 with openings at both sides. The w 
upper end of this sleeve 73 is placed at the same 
level as the upper end of the sensor element 1 , but 
its lower end is slightly extruding downwards than 
the lower end of the sensor element 1. On the 
upper parts of both sleeve 73 and sensor element 75 
1 , glass sealing material 7 is placed to keep in gas- 
tight the upper parts of the sleeve 73 and the 
sensor element 1 as well as the outer part of the 
ceramic insulating tube 76. On the inner and outer 
surfaces of the sleeve 73, lead 62 made of conduc- 20 
tive paste is painted, and this lead 62 is connected 
to the measuring electrode 3 on the outer surface 
of the sensor element 1. Thereby, the measuring 
electrode 3 is connected to a signal processor 
through this lead 62. 25 

A porous ceramic filter 70 made of silicon 
carbide (SiC) with poor wettability to molten metal 
is attached to the lower opening part of the sleeve 
73. Next, the operation of thus constructed sensor 
probe will be described. First, by dipping the 30 
sleeve 73 and the filter 70 into molten metal (not 
shown in this drawing), a space surrounded by the 
sleeve 73, the sensor element 1 and the filter 70 is 
placed lower level than the surface of molten metal. 
By doing this, said space contacts with molten 35 
metal through the filter 70, and thereby the mea- 
suring electrode 3 of the sensor element 1 contacts 
with this space. 

Thus, hydrogen concentration in molten metal 
reaches in equilibrium with hydrogen gas in said 40 
space, and the hydrogen partial pressure P H 2 in 
this space can be measured by the sensor element 
1 using galvanic electromotive force. However, sol- 
id reference material 72 contacting with the refer- 
ence electrode 2 in the sensor element 1 is used 45 
as the reference for galvanic cell. Then, based on 
the relationship between the hydrogen concentra- 
tion S in molten metal and the hydrogen partial 
pressure Ph2 in said space as expressed by the 
equation (3), the hydrogen concentration in molten so 
metal can be measured without direct contact of 
the sensor element 1 with molten metal as men- 
tioned in the first embodiment 

Moreover, in the method of use of the sensor 
probe shown in Figures 1 7 and 1 8, it is not needed 55 
to deeply dip either the sensor element 1 or the 
sleeve 73 into molten metal. It suffices to dip the 
sensor probe in molten metal to the depth that 



allows the porous filter 70 to be completely im- 
mersed and the space contacting with the measur- 
ing electrode 3 to be kept in gas-tight by the filter 
70. 

Then, manufacturing of the sensor probe ac- 
cording to the embodiment shown in Figure 18 and 
results of determination of hydrogen concentration 
in molten metal will be described. First, as solid 
reference material 72, a mixture of AIPO4 and 
Lao.4Sro.6Co0 3 -x powders was filled in the sensor 
element 1, and the alumina insulating tube 76 
inserted with Pt lead wire 5 and painted with Pt 
paste 68 on its lower end was inserted into the 
sensor element 1 and fixed with ceramic adhesive 
74. Then, the sensor element 1 was attached to the 
alumina sleeve 73 about 10 mm longer than the 
sensor element 1, and they were fixed to the 
alumina insulating tube 76 with powdered glass 
sealing material 7 (composition: Na2O3.B2O3.SiO2; 
thermal expansion coefficient: 9.5 x 10" 6 ; softening 
point: 695 * C; fluidization point: 880 * C) to seal the 
openings. To the lower end of the sleeve 73, was 
attached the porous silicon carbide filter 70 with 
the average pore size of 15 urn and fixed to the 
opening part of the sensor element 1 with ceramic 
adhesive 71. Thus constructed sensor probe was 
heated in an electric furnace (heating and cooling 
rate: 5*C/minute; maintained at 850 °C for 10 min- 
utes) to fuse powdered glass sealing material 7, 
then ceramic adhesive 71 and 74 were solidified. In 
this embodiment, the hydrogen concentration in 
molten metal was measured as shown in Figure 4. 
As result, similar measurements as shown in Fig- 
ures 4 and 5 could be obtained. 

Then, referring to Figure 19, the ninth embodi- 
ment of this invention will be described. In Figure 
19, all parts identical to those referred in Figure 17 
are identified by the same numerals as used in 
Figure 1 7, but detail description will be omitted. 

In this embodiment, a sensor element 1 is filled 
with ceramic fiber 80 such as alumina fiber and the 
like. 

Then, the operation of thus constructed sensor 
probe will be described. First, a ceramic tube 60 is 
dipped into molten metal (not shown in Figure 19) 
so that a space separated from the outer atmo- 
sphere is formed in the sensor element 1. Because 
ceramic fiber 80 is filled in this sensor element 1, 
molten metal does not permeate into this sensor 
element 1, but gas can permeate into this sensor 
element 1. Because this gas phase is contacting 
with molten metal, hydrogen concentration in the 
gas phase reaches in equilibrium with hydrogen 
concentration in molten metal. Therefore, as men- 
tioned above, the hydrogen concentration in molten 
metal can be measured without directly contact of 
the sensor element 1 with molten metal. Thus, 
corrosion of the sensor element 1 by molten metal 
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can be avoided, and dissolved hydrogen concen- 
tration can be continuously measured for long pe- 
riod. 

Next, referring to Figure 20, a modified form of 
this embodiment will be described. In Figure 20, all 
parts identical to those referred in Figures 18 and 
19 are identified by the same numerals as used in 
Figures 18 and 19, but detail descriptions will be 
omitted. 

In this embodiment, ceramic fiber 80 such as 
alumina fiber and the like is filled in the extruded 
part of a sleeve 73. 

Then, the operation of thus constructed sensor 
probe will be described. First, the lower part of the 
sleeve 73 is slightly dipped into molten metal (not 
shown in Figure 20). Thereby, the space surround- 
ed by the sleeve 73 and the sensor element 1 
contacts with molten metal. Therefore, the space in 
the ceramic fiber 80 is filled with gas phase con- 
tacting with this molten metal, and the measuring 
electrode 3 of the sensor element 1 contacts with 
this gas phase. 

Then, hydrogen concentration in molten metal 
can be measured using solid reference material 72 
as the reference for galvanic cell without direct 
contact of the sensor element 1 with molten metal. 
Therefore, corrosion of the sensor element 1 by 
molten metal can be avoided, and dissolved hy- 
drogen concentration can be continuously mea- 
sured for long period. 

Then, manufacturing of sensor probe according 
to the embodiment shown in Figure 20 and results 
of measurement of hydrogen concentration in mol- 
ten metal will be described. In this sensor probe, 
alumina fiber 80 was filled in the lower part of the 
sleeve 73 instead of the filter 70. This sensor probe 
also provided accurate measurements of hydrogen 
concentration in aluminum molten metal. 

Then, referring to Figure 21, the tenth embodi- 
ment of this invention will be described. In Figure 
21, all parts identical to those shown in Figure 19 
are identified with the same numerals as shown in 
Figure 19 without detail descriptions. In this em- 
bodiment, metal film 81, in 10 to 1000 urn thick, 
made of Pt, Pd, Rh, Ni, AJ and the like with 
superior wettability to molten metal is formed on 
the outer surface of a ceramic insulating tube 60 
and the surface of glass sealing material 7. This 
metal film 81 can be formed also by seizure of the 
ceramic tube 60 painted with metal paste on its 
outer surface in an electric furnace. Also, the metal 
film 81 can be formed on the outer surface of the 
ceramic tube 60 by spraying said melted metal on 
the surface of ceramic tube. 

Then, the operation of thus constructed sensor 
probe will be described. First, by dipping the ce- 
ramic insulating tube 60 into molten metal (not 
shown in the drawing), a space separated from the 



outer atmosphere is formed in the sensor element 
1. In this case, because the metal film 81 is formed 
on the outer surface of the sensor probe, the 
wettability of the sensor probe to molten metal is 
5 good and the penetration of the outside air into the 
sensor element 1 through the metal film 81 on the 
surface of this sensor probe can be prevented. 
Therefore, the space in the sensor element 1 can 
be completely separated from the outside atmo- 
10 sphere. Because ceramic fiber 80 is filled in this 
sensor element 1, molten metal can not permeate 
and only gas phase can permeate into this sensor 
element 1. Also, this gas phase is contacting with 
molten metal, therefore the hydrogen gas con- 
rs centration in gas phase reaches in equilibrium with 
the hydrogen concentration in molten metal. 

Thereby, the hydrogen concentration in molten 
metal can be measured without direct contact of 
the sensor element 1 with molten metal. Therefore, 
20 corrosion of the sensor element 1 can be avoided 
and dissolved hydrogen concentration can be con- 
tinuously measured for long period. 

Then, referring to Figure 22, a modified form of 
this embodiment will be described. In Figure 22, all 
25 parts identical to those shown in Figures 20 and 21 
are identified with the same numerals as used in 
Figures 20 and 21 without detail description. 

In this embodiment, on the outer surfaces of a 
sleeve 73 and a ceramic insulating tube 76 with 
30 identical structures with the sensor probe shown in 
Figure 20, metal film 81 with superior wettability to 
molten metal is formed in the same manner as the 
embodiment shown in Figure 21. 

Then, the operation of thus constructed sensor 
35 probe will be described. First, the lower end of the 
sleeve 28 is dipped into molten metal (not shown in 
the drawing). Thereby, a space surrounded by the 
sleeve 73 and the sensor element 1 contacts with 
molten metal. Therefore, gas phase contacting with 
40 this molten metal saturates in the ceramic fiber 80. 
and the measuring electrode 3 of the sensor ele- 
ment 1 contacts with this gas phase. 

Thereby, hydrogen concentration in molten 
metal can be measured in the same manner as the 
45 embodiment shown in Figure 20. In this embodi- 
ment, penetration of the outside air into the sensor 
probe can be completely prevented in the same 
manner as the embodiment shown in Figure 21 
because the metal film 81 with superior wettability 
so to molten metal is formed on the outer surface of 
the sensor probe. 

Then, the sensor probe of this embodiment 
shown in Figure 22 was manufactured, and hy- 
drogen concentration in molten metal was mea- 
55 sured. In this embodiment, hydrogen concentration 
in molten metal could be accurately measured. 
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Claims 

1- A sensor probe for measuring hydrogen con- 
centration in molten metal, comprising: 
a tubular sensor element (1, 20) made of pro- 
ton conductive solid electrolyte with perovskite 
structure and closed at its one end, 
a reference electrode (2) constituted of porous 
electrode formed on the inner surface of said 
sensor element, 

a measuring electrode (3) constituted of po- 
rous electrode formed on the outer surface of 
said sensor element, and 
sealing material (7) separating gas-tightly be- 
tween said reference electrode (2) and said 
measuring electrode (3), 
characterized by : 

a ceramic sleeve or holding cup (10, 45, 73) 
fixed on the outer surface of said sensor ele- 
ment (1) so that at least a part of said measur- 
ing electrode (3) on the outer surface of said 
sensor element (1 ) is extruding in the sleeve or 
holding cup. 

2. A sensor probe for measuring hydrogen con- 
centration in molten metal, comprising: 
a tubular sensor element (1) made of proton 
conductive solid electrolyte with perovskite 
structure and closed at its one end, 
a reference electrode (2) constituted of porous 
electrode formed on the inner surface of this 
sensor element, 

a measuring electrode (3) constituted of po- 
rous electrode formed on outer surface of said 
sensor element, and 

sealing material (7) separating gas-tightly be- 
tween said reference electrode and measuring 
electrode, 
characterized by: 

a porous ceramic cup (53) enclosing said sen- 
sor element (1) in such way of forming a space 
between said ceramic cup and said sensor 
element, said porous ceramic cup having prop- 
erties that molten metal is not permeable, but 
only gas is permeable. 

3- A sensor probe for measuring hydrogen con- 
centration in molten metal, comprising: 
a tubular sensor element (1) made of proton 
conductive solid electrolyte with perovskite 
structure and closed at its one end, 
a reference electrode (2) constituted of porous 
electrode formed on the outer surface of said 
sensor element, 

a measuring electrode (3) constituted of po- 
rous electrode formed on the inner surface of 
said sensor element, and sealing member (7) 
separating gas-tightly between said reference 



electrode (2) and measuring electrode (3), 
characterized by: 

a holding member or sleeve (60) fixed on the 
outer surface of said sensor element (1) in 
5 such a way that the opening part of said sen- 

sor element is slightly extruded from said hold- 
ing member or sleeve. 

4. The sensor probe according to one of claims 1 
10 to 3, 

characterized by: 

means (4, 6, 47; 51, 52, 54; 61, 63) for sup- 
plying a reference gas to said reference elec- 
trode (2) as the reference for galvanic elec- 
75 tromotive force by introducing said reference 

gas into said sleeve. 

5. The sensor probe according to one of claims 1 
to 4, 

20 characterized by: 

solid reference material (49, 56) filled in said 
sensor element (1) to contact with said refer- 
ence electrode (2) as the reference for gal- 
vanic electromotive force. 

25 < _ 

6. The sensor probe according to one of claims 1 
to 5, 

characterized by: 

a solid reference material (64) as the reference 
so \ for galvanic electromotive force, which is pro- 
r vided in said holding member or sleeve to 
contact with said reference electrode. 

7. The sensor probe according to one of claims 1 
35 to 6, 

characterized by: 

a gas permeable porous filter (70) provided on 
1 the opening part of said sensor element (1 ) to 
prevent penetration of molten metal into the 
40 sensor element. 

a The sensor probe according to one of claims 1 
to 7, 

characterized by: 
45 a ceramic fiber (80) filled in the part of said 

sleeve (73) or holding cup that is extruded 
from said sensor element to prevent the pene- 
tration of molten metal into said sleeve (73) or 
holding cup. 

50 

9. The sensor probe according to one of claims 1 
to 7, 

characterized by further comprising: 
a ceramic fiber (80) filled in said sensor ele- 
55 ment (1) to prevent penetration of molten metal 

into the sensor element. 
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10. The sensor probe according to one of claims 1 
to 9, 

characterized by: 

a film (81) covering the outer surface of part of 
said holding member or sleeve (60) and said 5 
sensor element (1) to be dipped into molten 
metal to increase the wettability of said holding 
member or sleeve and said sensor element 
with molten metal. 

70 

11. The sensor probe according to claim 10, 
characterized in that 

said film (81) is a metal film with thickness of 3 
um or more. 

75 

12. The sensor probe according to one of claims 2 
to 11. 

characterized in that 

said porous ceramic cup (53) is silicon carbide. 

20 

13. The sensor probe according to one of claims 2 
to 12, 

characterized in that 

said porous ceramic cup (53) has its pore size 

of 30 um or less. 25 

14. A method for measuring hydrogen concentra- 
tion in molten metal using said sensor probe 
according to claim 1 , 

characterized by the steps of: 30 
dipping said sleeve or holding cup (10, 45, 73) 
of said sensor probe into molten metal (19) by 
facing its opening part downwards, thereby 
enclosing a space contacting with said molten 
metal in said sleeve or holding cup, and mea- 35 
suring hydrogen concentration in gas atmo- 
sphere in said space using galvanic electromo- 
tive force generated between said reference 
electrode and measuring electrode of said sen- 
sor probe after the hydrogen concentration in 40 
gas atmosphere reached nearly in equilibrium 
with the hydrogen concentration in said molten 
metal. 



15. A method for measuring hydrogen concentra- 45 
tion in molten metal using said sensor probe 
according to claim 3, 
characterized by the steps of: 
placing a part of opening end of sensor ele- 
ment (1) of said sensor probe into molten 50 
metal, thereby enclosing a space contacting 
with said molten metal in said sensor element, 
and measuring hydrogen concentration in gas 
atmosphere in said space using galvanic elec- 
tromotive force generated between said refer- 55 
ence electrode and measuring electrode of 
said sensor probe. 
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